In the purpose to find an alternative gas to SF 6 , this paper describes the results of current-interruption experiment for a rotary-arc type of load-break switch filled with CO 2 , H 2 , He and SF 6 at an absolute pressure of 0.1 MPa in case of ring electrode made of stainless steel. In addition, in case of the switch filled with CO 2 , current-interruption experiments were also performed for the ring electrode made of copper. The interrupting capability was found to be higher in order of SF 6 , H 2 , CO 2 and He. Moreover, the switch proved to have the higher current-interrupting capability for the copper than for the stainless steel. The phenomenon was found to arise from change in magnetic flux in an inner space of a ring electrode, depending the electrode material. This change in the magnetic flux also proved to result from variation of a resistance of the ring electrode.
Introduction
Load-break switches using air, vacuum, oil and SF 6 have been employed in power systems. Among the arc-quenching media, SF 6 gas is extensively used today because of its excellent arc extinguishing characteristics. Nonetheless, SF 6 is a greenhouse gas, thus it might contribute to global warming. Therefore, to control the global warming, it is desirous to reduce a leak of SF 6 from electric power apparatus, to use gas mixtures containing a lower content of SF 6 or to replace SF 6 by non-greenhouse gases.
Based on the above background, several attempts have been made to find an alternative gas to SF 6 (1)- (3) . It is well known that the difference in the arc-extinguishing method and the kind of gases used as interrupting medium can influence the arc characteristics, and thus the breaking performance. As a result, we have so far studied the interrupting capabilities of a puffer-type and a grid-type of load-break switch employing several substitute gases for SF 6 such as H 2 and CO 2 (4) (5) . Even though CO 2 has global warming effect, it is considered as an alternative quenching gas to SF 6 because CO 2 has global-warming potential much lower than SF 6 . The use of CO 2 as substitute gas for SF 6 has been recently the subject of several research papers (6) . The present paper describes the results of the currentinterruption experiment for a rotary-arc type of load-break switch which has a different arc-extinguishing mechanism compared to puffer and grid types and has a ring electrode in the vicinity of contacts. In this study, first, currentinterruption experiments were performed for the load-break switch filled with CO 2 , H 2 , He and SF 6 at an absolute pressure of 0.1 MPa in case of ring electrode made of stainless steel. Second, in case of the switch filled with CO 2 , currentinterruption experiments were also performed for the ring electrode made of copper. Furthermore, variations in the interrupting capabilities resulting from difference of the gas kind and the electrode material are discussed.
Interrupting Capability for Rotary-arc Switch with Non-SF 6 Gas force to the arc, thus causing the arc to run along the inner surface of the ring electrode. The load-break switch has a rated voltage of 7.2 kV and a rated current of 400 A, when SF 6 gas at 0.1 MPa is employed as an arc-quenching medium.
In the present experiment, either of the following gases: CO 2 , H 2 , He and SF 6 were filled up in the switch at an absolute pressure of 0.1 MPa to find out the dependence of the current-interrupting capability on the gas type. The SF 6 was used for purpose of comparison. This experiment was carried out for the ring electrode made of stainless steel. Figure 1 presents the circuit used for current-interruption experiment. After a capacitor of 1600 µF was charged to certain a voltage, closing a vacuum circuit breaker which is connected in series with a reactor of 6.5 mH caused a damping sinusoidal current with a frequency of 50 Hz to flow through the switch. Increasing the charging voltage to the capacitor raised the peak current for each half-cycle. As shown in Fig. 1 , a capacitor of 0.003 µF is connected in parallel with the load-break switch to adjust the transient recovery voltage. Experimental results revealed that the relationship between the rate of the rise of the recovery voltage, dv/dt [kV/µs], and the rate of the fall of the current immediately before the current zero, di/dt [A/µs], was expressed as dv/dt = 0.93 di/dt.
To perform the breaking operation, the moving contacts of the switch was set to begin to open prior to the first currentzero and an arc discharge was established between the contacts. Along the experiments, the current passing through the switch and the voltage between the contacts were measured. From the recorded waveforms of the current, whether the switch succeeded in interrupting the current at each currentzero or not was judged.
As described in a next section, the rotational velocity of the arc was measured and discussed for the switch filled with CO 2 . However, no discussion is conducted on variation in the rotational velocity due to difference in the gas type. This is because difference in the gas type brings about change in high-temperature gas properties such as an electrical conductivity and a thermal conductivity, whereas also leading to the variation of the reaction force, namely the rotational velocity. The high-temperature gas properties are considered to dominate the interrupting capability more principally than the rotational velocity. Figure 2 shows an example of waveforms of current flowing through the switch and voltage across the switch contacts when the rotary-arc type of load-break switch is filled with CO 2 at an absolute pressure of 0.1 MPa and equipped with ring electrode made of stainless steel. This figure indicates that the peak values of current of the first half-cycle and the second half-cycle are 210 A and 120 A, respectively. As can be seen in Fig. 2 , an arc voltage begins to be detected at a time of 4.2 ms, indicating the separating operation of the contacts. Then, a current flows through the arc discharge established between contacts. In addition, although the current goes through zero at 9.6 ms, it continues to flow through the contacts of the switch after the first current-zero, suggesting that the switch fails to interrupt the ac current at the first current-zero. In this case the arcing time at the first half-cycle, which represents the time elapsed from the contacts separation to the first current-zero, is equal to 5.4 ms. On the other hand, after reaching a peak value at the second half-cycle, the current decreases to zero where it is successfully interrupted at a time of 19 ms, as indicated in Fig. 2 . In a similar way to the previous case, the arcing time to the second current-zero is equal to 15 ms. Figure 3 summarizes the results of the current-interruption experiments for the switch filled with CO 2 and equipped with ring electrode made of stainless steel. The peak value of current for the first and second current-zero is exhibited. The open circles and crosses designate a successful and a failure interruption, respectively. These marks are plotted at a position corresponding to the peak value of each half-cycle current and the arcing time measured for each current-interruption experiment. As seen in Fig. 3 , the switch interrupts the current with higher peak value for the second half-cycle than for the first halfcycle. Thus, the discussion mentioned below is focused for the second half-cycle.
Results

Example of waveforms
Interrupting capability
As seen in Fig. 3 , the switch filled with CO 2 and equipped with ring electrode made of stainless steel succeeds in interrupting a current around 540 A when the arcing time is 15 ms. However, the switch fails in interrupting a current around 540 A when the arcing time is 18 ms. From these facts, a boundary indicated by a broken line is obtained as shown in Fig. 3 . The switch successfully interrupts a current under the experimental conditions corresponding a region on the left side of the broken line. On the basis of this fact, the region on the left side of the broken line is regarded as the region of a successful interruption. In the region of the successful interruption, the maximum peak value of current was considered as the current-interrupting capability under the present experimental conditions. For the case shown in Fig. 3 , the current-interrupting capability is evaluated to be 540 A. Figure 4 depicts the obtained current-interrupting capabilities in case of each gas for second half-cycle. As illustrated in Fig. 4 , the switches filled with SF 6 , H 2 , CO 2 and He were found to have the interrupting capabilities of 1800, 1400, 540 and 250 A, respectively. In other words, as far as the present experimental conditions are concerned, using H 2 , CO 2 and He allows the switch to have a current-interrupting capability higher in the abovementioned gas order.
Influence of gas type
Discussion
Until now, we have performed theoretical calculations for arcs burning in H 2 , He and CO 2 to find out the decay aspect of the electrical conductance of the residual arc channel immediately after a current zero (3) . The calculation was made for a wall-stabilized arc, because this arc is known to be the basic shape and to show the essential and the fundamental properties. The calculation results revealed that the conductances of H 2 and He arcs decay more rapidly than that of the CO 2 arc. This fact suggests that, compared with use of CO 2 , adoption of H 2 or He as the quenching gas decreases an ohmic heating inputted into the residual arc and thus raises the interrupting capability, as far as the thermal re-ignition region is concerned. Further, to explain above phenomenon on the basis of thermodynamic and transport properties of high-temperature gas, we theoretically calculated a thermal diffusivity α expressed as α = κ/(ρC p ) from a thermal conductivity κ, a mass density ρ and a specific heat C p for the individual gas at temperatures below 30,000 K (3) . The H 2 and He proved to have one order higher α than the CO 2 at temperatures below 30,000 K. The high α of the H 2 and He indicates that rapid reduction in the conductance results from high dissipation of the arc-energy through a thermal conduction mechanism in the thermal re-ignition region.
However, to quench the arc successfully, a high-voltage switch must suffer a dielectric re-ignition region following the thermal re-ignition region. In the dielectric re-ignition region, the hot gas remaining between electrodes should have higher dielectric strength than the high voltage caused by a transient recovery voltage. As is well known, the breakdown voltage of He is much less than that of H 2 and CO 2 in room temperature. Judging from this fact, the high-temperature He is considered to have very much lower the breakdown voltage than the high-temperature H 2 and CO 2 . Thus He presumably has difficulty in withstanding against the high voltage in the dielectric re-ignition region, compared with H 2 and CO 2 .
Above discussions give us the reasons for interpreting the experimental results that using H 2 , CO 2 and He permits the switch to have the current-interrupting capability higher in this order.
3. Current-interrupting Capability for CO 2 under Different Electrode-materials
Experiments
In consideration of the above experimental results, CO 2 and H 2 are considered to be candidate of the alternative quenching gas. At the present stage, we focused CO 2 as the quenching gas in the rotary-arc-type load-break switch used for 6.6 kV distribution systems, because the breakdown voltage of CO 2 is 1.3 times as high as that of H 2 at a room temperature and this relationship seems to be held at high temperatures corresponding to the dielectric re-ignition region.
To find out the influence of the ring-electrode material on the interrupting capability, a current-interrupting experiment was carried out for the ring electrode made of a copper in the similar method to that mentioned in 2.1.
As stated above, the switch employs the arc rotation by an electromagnetic force as the quenching method. Rotating the arc by an electromagnetic force affects arc properties such as distortion of the arc shape and elongation of the arc length, depending on a rotational velocity of the arc. These arc properties are considered to influence the interrupting capability. Thus, the arc behavior was observed with a highspeed video camera. From the pictures with the camera, the rotational velocity of the arc was determined as mentioned later. This determination was performed for the second halfcycle of the current, because the switch has the interrupting capability higher for the second half-cycle of the current than for the first half-cycle of the current, as shown in Fig. 3 . Figure 5 shows the determined current-interrupting capability for the copper. The switches equipped with the copper has the current-interrupting capabilities of 890 A. This interrupting capability is higher than that for the electrode made of a stainless steel. Figure 6 presents the transient aspect of the CO 2 arc behavior observed with the high-speed video camera. The pictures shown in Fig. 6 were obtained for the second half-cycle of the current given in Fig. 2 . The observation time of each frame is also indicated in Fig. 2 . As seen in Fig. 6 , the arc rotates around rod contacts in clockwise direction and an arc root runs on the inner surface of a ring electrode.
Results
Current interrupting capability
Rotational velocity of arc
As seen in pictures (d) and (g), the arc has a somewhat distorted shape. Around the times when these pictures were recorded, the magnitude of the arc voltage is measured to rise, as seen in Fig. 2 To determine the rotational velocity of the arc, the rotational angular θ of the arc was defined and determined as follows. (1) The position on the ring electrode where the arc root is located at the beginning of the second half-cycle is defined as the origin. (2) Let us define θ as the clockwise displacement of the arc-root on the ring electrode from the origin. (3) On the basis of this definition, θ was measured from the pictures recorded with the camera. Figure 7 indicates the time variation in the rotation angle θ. This waveform was observed for the copper electrode. It is seen in Fig. 7 that the arc rotates in clockwise direction during a time of 13-20 ms, after rotating in counter-clockwise direction during a time of 10-13 ms. This rotation in the counter-clockwise direction will be explained later. Let us define an average rotational velocityω as the slope of the rotation during the time period from the peak-current to the current-zero. Figure 8 shows theω as a function of the peak value of current at second half-cycle in the range from 180 to 850 A for The velocities plotted in this figure were obtained for the copper and stainless steel. For the stainless steel, the velocity was plotted with open circles and crosses corresponding to successful and failure interruptions, respectively. For the copper case, the velocity is plotted with only filled circles because the switch equipped with the copper electrode interrupts the current successfully in range from 180 to 850 A. As seen in this figure, no significant difference in the velocity was seen around 200 A between copper and stainless steel. However, increase in the peak value of the current causes the arc to rotate faster for the copper electrode than for the stainless steel. For instance, when the peak value of current is around 800 A, the rotational velocity of the arc is 620 degrees/ms in case of ring electrode made of copper. This case is faster than 390 degrees/ms in case of ring electrode made of stainless steel.
Above results indicate that the rotational velocity of the arc depends on the ring electrode material.
Factors Affecting Interruption Process for Different Electrode Materials
As stated earlier, the switch generates the magnetic flux in the inner space of the ring electrode to create the electromagnetic force to the arc. To explain the dependence of the arc velocity and the current interrupting capability on the electrode material, we performed the measurement and the theoretical analysis of the magnetic flux.
Measurement of Magnetic Flux Density
Method
The ring electrode wound with the coil was arranged in atmosphere. Using the high-current supply circuit same to that shown in Fig. 1 , the damping ac current with a peak value of 50 to 200 A was supplied to the coil to generate the magnetic flux. For the electrode made of the copper and stainless steel, the generated magnetic flux density was measured at the central position of the ring electrode. Figure 9 presents the example of waveforms of the current and magnetic flux density. Filled circles and squares denote the peak value B p of the magnetic flux density for each half-cycle for the copper and stainless steel, respectively. For each half-cycle of the current, B p is lower for the copper than for the stainless steel. From this figure, the ratio of B p for the copper case to that for the stainlesssteel case is estimated to be 0.69 for each half-cycle.
Result
It is also seen in Fig. 9 that the magnetic flux density lags the current for both cases of the copper and the stainless steel. The phase difference is determined from this figure to be 56 and 16 degrees for the copper and stainless steel, respectively. As a result, as found from open squares and circles plotted, the magnetic flux density B 0 at the current zero is higher for the copper than for the stainless steel. From this figure, this ratio of B 0 for the copper to that for the stainless steel is estimated to be 2.1 for each half-cycle. Same relationships relevant to B p and B 0 were confirmed for the currents with different peak values.
Remember that the magnetic flux density lags the current by 56 degree for the copper case. This fact suggests that for each half-cycle of the current the electromagnetic force during the period of the phase angle from 0 to 56 degree has an opposite direction to that during from 56 to 180 degree. This phenomenon results in the arc rotation in the counterclockwise direction, as found in Fig. 7. 
Interpretation Based on Electrical Circuit Theory
Expression of magnetic flux
As mentioned earlier, passing the ac current through the coil generates the ac magnetic flux in inner space of the ring electrode. We considered that this ac magnetic flux induces ac shield current flowing through the ring electrode and that the induced shield current also affects the magnetic flux. On the basis of this consideration, we represented an equivalent circuit of the ring electrode wound with the coil, as shown in Fig. 10 , where R 1 is a resistance of the coil, L 01 and 1 are an effective and a leakage inductances of the coil, respectively, R 2 and L 02 are a resistance and an effective inductance of the ring electrode, M is a mutual inductance between the coil and the ring electrode. Further φ m is the magnetic flux in the inner space of the ring electrode, φ 1 is magnetic flux not entering into the inner space of the ring electrode (leakage magnetic flux), i 1 (t) is the coil current and i 2 (t) is the shield current flowing Adoption of the electrical circuit theory allows to obtain the following expressions:
and
where v 2 is a voltage of the ring electrode, being zero. Further N 1 is the turns of the coil wound around the ring electrode and N 2 is the turn of the ring electrode, namely, 1. This φ m is also expressed as another form:
Applying the vector symbolic method to the above equations and arranging these equations enabled us to obtain the following relationship between the magnetic-flux vector Φ m and the current vector I 1 :
where ω is an angular frequency of the current I 1 . It should be noted from Eq. (4) that the magnetic flux Φ m is expressed not only in terms of L 01 , N 1 and I 1 but also in terms of R 2 and L 02 relevant to the ring electrode. Eq. (4) also represents that Φ m lags I 1 . The phase difference θ between Φ m and I 1 is given by
Peak value of magnetic flux
Arranging Eq. (4) gives the peak value φ m,p of the magnetic flux:
As seen in Eq. (6), the quantity a p expressed as functions of R 2 and L 02 is a coefficient that influences φ m,p , depending on the specifications of the ring electrode. The curve of a p is plotted as a function of R 2 /(ωL 02 ) in Fig. 11 . The quantity a p rises from 0 with an increase in R 2 /(ωL 02 ) from 0, then approaching to 1. 
Magnetic flux at current zero
In the current interruption process, the arc is extinguished at current zero. We thus considered that, in particular, the magnetic flux around the current zero is an important factor to determine the interrupting capability. Thereby, on the basis of the above-mentioned theory, the magnetic flux at the current zero is derived as an index for judging the current-interrupting capability.
Putting the current i 1 (t) equal to √ 2|I 1 | sin(ωt) allows to obtain expression of the magnetic flux at the current zero:
Inserting Eqs. (4) and (5) into the expression of φ m,0 yields
Note that the magnetic flux φ m,0 at the current zero also depends on R 2 and L 02 of the ring electrode. As seen in Eq. (7), the quantity a 0 expressed as functions of R 2 and L 02 is a coefficient that affects φ m,0 , depending on the specifications of the ring electrode. The curve of a 0 is plotted as a function of R 2 /(ωL 02 ) in Fig. 12 . Increase in R 2 /(ωL 02 ) from 0 to 1 raises a 0 from 0 to a maximum value of 0.5, thereby growing φ m,0 . This principally arises from augment in a p , namely φ m,p , as shown in Fig. 11 . However, as shown in Fig. 12 , further increase in R 2 /(ωL 02 ) from 1 decreases a 0 from 0.5, thus declining φ m,0 . This is because, as found from Eq. (5), the rise in R 2 /(ωL 02 ) causes the magnetic flux to approach to the same phase to the coil current I 1 .
Comparison of Magnetic Flux for the Copper with that for Stainless Steel
As described in the previous section 4.1.2, the phase difference was measured to be 56 and 16 deg for the copper and the stainless steel, respectively. Substituting these values for θ in Eq. (5) leads to obtain 0.67 and 3.5 as R 2 /(ωL 02 ) for the copper and the stainless steel, respectively.
Using Fig. 11 , a p is estimated from 0.67 and 3.5 to be 0.56 and 0.96 for the copper and the stainless steel, respectively. Hence, the ratio of a p , namely φ m,p , for the copper to that for the stainless steel is evaluated to be 0.58. This evaluated ratio agrees well with the measured ratio of B p for the copper to that for the stainless steel.
In a similar way, a 0 for the copper and the stainless steel were estimated from Fig. 12 . As seen in the figure, a 0 , namely φ m,0 , for the copper case is 1.8 times as high as that for the stainless steel case. On the other hand, the ratio of B 0 for the copper to the stainless steel was measured to be 2.1, as mentioned in 4.1.2. Above estimated value of 1.8 is in good agreement with this measured value.
Above these agreements suggest the validity of the expressions derived from the theory.
Discussion on Arc Interruption Mechanism
From the above results, the following mechanisms are pointed out. Under the same dimensions of the ring electrode, change of the electrical resistance of the electrode due to difference in the electrode material causes variation in the magnitude and the phase difference of the magnetic flux density. As far as the dimensions of the adopted ring-electrode are concerned, the copper electrode permits to generate the magnetic flux density higher than the stainless steel electrode, especially around the current zero.
This higher magnetic flux density is considered to allow the arc rotation at higher velocity around the current zero, leading to more marked variation in arc properties such as an increase in the convection loss of the arc and the distortion of arc shape. This phenomenon presumably results in the switch to have the interrupting capability for the copper higher than for the stainless steel.
Arc spot motion on the ring-electrode can affect the arc velocity and also depend on the polarity of the current. However, throughout the experiments, the ring-electrode always behaved as a cathode during the second half-cycle current to focus on difference in the gas and the electrode material. The research associated with the polarity of the current will be made in future.
Conclusion
Current-interruption experiments were performed to examine the interrupting capabilities for a rotary-arc type of loadbreak switch filled with CO 2 , H 2 , He and SF 6 at an absolute pressure of 0.1 MPa. This switch had the ring electrode made of stainless steel. As far as the present experimental conditions are concerned, the load-break switch was found to have the current-interrupting capability higher in order of SF 6 , H 2 , CO 2 and He. In case of the switch filled with CO 2 , currentinterruption experiments were also performed for the ring electrode made of copper. It was found out from the currentinterruption experiments that the switch equipped with copper had the current-interrupting capability higher than that 
